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Forefields of receding glaciers are unique and sensitive environments representing 28 
natural soil chronosequences where sulfate availability is assumed to be a limiting 29 
factor. Bacterial mineralization of organo-sulfur is an important sulfate-providing 30 
process in soils. We analyzed the diversity of sulfonate desulfurizing (desulfonating) 31 
bacteria in the Damma glacier forefield on the basis of the key gene asfA by terminal 32 
restriction fragment length polymorphism (T-RFLP) and clone libraries. The 33 
community structure and sequence diversity of desulfonating bacteria differed 34 
significantly between forefield soils deglaciated in the 1990s and the 1950s. Soil age 35 
had a strong effect on the desulfonating rhizosphere communities of Agrostis 36 
rupestris, but only little impact on the ones from Leucanthemopsis alpina. AsfA 37 
affiliated to Polaromonas sp. was predominantly found in the more recent ice-free 38 
soils and the corresponding rhizospheres of A. rupestris while a group of unidentified 39 
sequences was found to be dominating the matured soils and the corresponding 40 
rhizospheres of A. rupestris. The desulfonating bacterial diversity was not affected by 41 
varying levels of sulfate concentrations. The level of asfA diversity in recently 42 
deglaciated soils suggests that desulfonating bacteria are a critical factor in sulfur 43 
cycling with defined groups dominating at different stages of soil formation. 44 
45 
 4
1. Introduction 46 
Glacier forefields are enlarged and minimized by moving glaciers as a result of shifts 47 
in global mean temperature over centuries (Milner et al., 2009). In the last 2-3 48 
decades a significant global warming has led to widespread retreats of glaciers around 49 
the world and forecasts expect that these retreats become more rapid (Oerlemans, 50 
2005; Zemp et al., 2006). It is therefore of increasing importance to understand 51 
nutrient and carbon cycling processes in these newly formed environments. Glacier 52 
forefields represent a pristine environment and offer an excellent opportunity to study 53 
chronosequences that are characterized by a successive development of soil and rock 54 
weathering. Soil formation starts with a nearly vegetation free sandy-textured deposit 55 
and develops into a well-differentiated soil with manifold vegetation, distinct horizons 56 
and increased physical and chemical complexity (Haemmerli et al., 2007; Matthews, 57 
1992). Recently deglaciated vegetation-free soils are supposed to be nutrient limited 58 
(Darmody et al., 2005; Sigler et al., 2002), even though considerable concentrations 59 
of nutrients and micro-nutrients are seasonally transported trough glacial floodplains 60 
by local glacier streams (Tockner et al., 2002). However, only traces of the glacier 61 
river nutrients are retained in the alpine deglaciated soils (Noll and Wellinger, 2008). 62 
This is in particular true for sulfate, which is the sulfur source plants almost entirely 63 
depended on (Kertesz et al., 2007). In contrast, many microorganisms are capable of 64 
utilizing alternative sulfur-sources. Rhizobacteria can support plant growth by 65 
providing plant hosts with sulfur from organo-sulfur sources that are not directly 66 
available to the plant (Kertesz et al., 2007). Organically bound sulfur compounds 67 
occur in soils due to the deposition of biological material and their subsequent 68 
humification (Guggenberger, 2005; Kertesz and Mirleau, 2004). Microbial 69 
mineralization of natural sulfate-ester and sulfonate pools in agricultural soil can be 70 
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quite rapid (Ghani et al., 1993). Recently, the desulfonation of aromatic sulfonates has 71 
been linked to plant growth promotion (Kertesz and Mirleau, 2004). The 72 
desulfonation of sulfonates requires a multi-enzyme reaction and involves the gene 73 
clusters ssu, ats and asf (Vermeij et al., 1999) but only the inactivation of the key 74 
gene asfA in the asf cluster of Pseudomonas putida S-313 resulted into the loss of the 75 
plant growth promotion effect (Kertesz and Mirleau, 2004). Since asfA is essential for 76 
the desulfonation of aromatic sulfonates but not for aliphatic sulfonates it was 77 
assumed that aromatic sulfonates are a key sulfur source in soils. Recent studies with 78 
wheat rhizospheres have revealed changes in the desulfonating bacterial community 79 
with sulfur supply using asfA as a marker. Several wheat rhizosphere bacteria were 80 
isolated capable of utilizing aromatic sulfonates as a sulfur-source including 81 
Variovorax, Polaromonas and Rhodococcus species (Schmalenberger et al., 2008; 82 
Schmalenberger et al., 2009; Schmalenberger and Kertesz, 2007), all of them 83 
harboring the marker gene asfA. Bacteria capable of desulfurizing aromatic sulfonates 84 
in the glacier forefield could have a significant influence on the cycling of nutrients, 85 
the growth of sulfur-limited plants and on the microbial biomass. So far, an analysis 86 
of the desulfonating community in such an environment is still missing and only little 87 
is known about the environmental factors that shape the diversity and function of 88 
desulfonating bacteria. 89 
Therefore, the aim of this study was to explore the diversity of bacteria desulfurizing 90 
aromatic sulfonate in bulk soil and the rhizosphere of Leucanthemopsis alpina and 91 
Agrostis rupestris in the Damma glacier forefield (Switzerland) and compare it to the 92 
overall bacterial community. Cultivation-independent methods were selected targeting 93 
the asfA and the 16S rRNA gene. Soil age and plant host species were the driver for a 94 
significant shift in the population of desulfonating bacteria in these rhizospheres. The 95 
 6
results demonstrate the capability of desulfonating bacteria to adapt to various levels 96 
of nutrient deprivation and soil formation in the chronosequence and in rhizospheres 97 




2. Materials and methods 101 
 102 
2.1 Sampling site 103 
The sampling site was located (8ºE ‘27”30, 46ºN’38”00) at the forefield of the 104 
Damma glacier in the Canton Uri, Switzerland. To allow a systematic sampling at the 105 
glacier forefield an orthogonal grid was applied that determined 12x8 sampling points 106 
(A1-H12, A1-H1 facing towards the glacier front), geo-referenced with the help of the 107 
Global Positioning System (GPS), 10 m apart from each other as published earlier 108 
(Noll and Wellinger, 2008). Orthophotos, scanned old maps and the Geographic 109 
Information System (GIS, ArcMapTM) were used to determine ice-free soil age 110 
classes. The soil of rows 1–8 and sampling spots A9 and B9 have been subjected to 111 
ice-free development between 1992 and 2002 and were referred in this study as young 112 
soil. Rows 11–12 were ice-free since 1959 or 1956 and were referred in this study as 113 
old soil. A discontinuity in the chronosequence of the forefield occurred due to the 114 
last glacier advance between 1973 and 1992 (parts of row 9 and 10) as described 115 
elsewhere (Haemmerli et al., 2007). Soil samples were harvested from the upper soil 116 
layer immediately after snowmelt (20th of June 2006), sieved through a 2 mm sieve 117 
and transported under cooled conditions to the laboratory. At the same sampling date, 118 
plant roots of Leucanthemopsis alpina and Agrostis rupestris were harvested from 119 
young and old soil, respectively, in triplicate. Attached soil at the rhizosphere was 120 
removed at the field site by shaking and samples were carried under cooled conditions 121 
to the laboratory. Roots were gently washed twice with double distilled water and 122 
remaining rhizosphere-root samples were frozen. Soil biogeochemical properties such 123 
as sulfate and nitrate concentrations were previously analyzed in the same sample set 124 
and published in details elsewhere (Noll and Wellinger, 2008).  125 
 126 
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2.2 DNA isolation and amplification 127 
Nucleic acids were extracted from 0.4 g (dry weight) of 96 soil samples according to 128 
the protocol described by Noll et al. (Noll et al., 2005). The rhizosphere DNA of the 129 
harvested frozen plants was extracted after thawing as described earlier 130 
(Schmalenberger and Kertesz, 2007). 45 soil samples and 12 rhizosphere samples 131 
were tested for the presence of asfAB using primer asfAF2 and asfBtoA and a touch 132 
down PCR protocol in a gradient thermo-cycler (Biometra, Göttingen, Germany) as 133 
described earlier (Schmalenberger and Kertesz, 2007) but the extension time was 134 
increased to 3 min. 11 soil samples from the young soil, 13 samples from the old soil 135 
and all rhizosphere DNA samples produced significant amounts of asfAB specific 136 
amplification products. Specific amplicons of asfAB (from soil and rhizospheres 137 
template DNA) were extracted from the agarose gels, DNA was eluted from the 138 
agarose blocks by centrifugation and used as template DNA after purification (ENZA 139 
PCR purification kit, Omega Bio-Tek Inc., Norcross, GA) for a second PCR with 140 
5’fluorescently labeled primers FAM-asfAF2 and HEX-asfBtoA as described above 141 
in a volume of 25 l but without a touch down and only 25 cycles. In parallel, 142 
bacterial 16S rRNA gene fragments were amplified from the same DNA extracts as 143 
described by Noll and Wellinger (Noll and Wellinger, 2008) using primers 27f and 144 
907r (Lane, 1991) with a 6-carboxyfluorescein label at the 5’end of the forward 145 
primer. 146 
 147 
2.3 Terminal Restriction Fragment Length Polymorphism (T-RFLP) analysis 148 
Approx. 100 ng of purified 16S rRNA gene-PCR products were digested with MspI 149 
(Fermentas, St. Leon-Rot, Germany) and fragments were analyzed as described by 150 
Noll and Wellinger (2008). About 200 ng of the double fluorescently labeled asfAB-151 
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PCR product was submitted to a restriction digest with AluI and RsaI (Fermentas) as 152 
described earlier (Schmalenberger et al., 2008). Digested asfAB-products (1 l) were 153 
mixed with 9 l formamide and a modified ROX500 size standard (Applied 154 
Biosystems, Warrington, UK) containing additional 585, 685 and 785 bp signals 155 
(provided by Helen Hipperson, Animal and Plant Sciences, University of Sheffield, 156 
UK) and analyzed on an automated sequencer (ABI Prism 3730, Applied 157 
Biosystems). Signals from the forward or the reverse labeled primers were detected on 158 
separate channels, and data analysis was carried out with the GeneMapper 3.7 159 
software. Peak heights with a relative abundance of less than 2% and 1% of the sum 160 
of total peak heights of the asfAB and 16S rRNA gene PCR, respectively, were 161 
discarded from the analysis. Signals were treated as identical when the calculated size 162 
was equal or below a difference of two bases. T-RFLP data sets (16S rRNA gene and 163 
asfAB gene based) were tested for normality and homogeneity of variance (OriginLab 164 
Corporation, Northampton, MA) and explorative statistical analyses were performed 165 
with correspondence analysis (CA) using CANOCO (version 4.5; Microcomputer 166 
Power, Inc., Ithaca, NY). For the asfAB analysis a binary based data set was used 167 
(Schmalenberger et al., 2008), while for the 16S rRNA gene data set the relative 168 
abundance data set was computed (Noll et al., 2005). To test the effect of 169 
environmental variables (sulfate concentration, plant host, soil age) on the bacterial 170 
and the desulfonating community structures (16S rRNA gene and asfAB T-RFLP 171 
patterns), we performed permutation tests available in CANOCO using 9999 172 
replicates as described elsewhere (Noll et al., 2008; Noll et al., 2005). For more 173 
efficient hypothesis testing, the sum of all canonical eigenvalues was used to build the 174 
F-ratio statistic (Verdonschot and Ter Braak, 1994). The significance threshold was 175 
defined as P ≤ 0.05. 176 
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 177 
2.4 Cloning of asfAB PCR products, genotyping and DNA sequence analysis 178 
Non-fluorescently labeled primers asfAF2 and asfBtoA (Schmalenberger and Kertesz, 179 
2007) were used to amplify fragments of asfAB from soil and rhizosphere extracts. 180 
Purified PCR products from i) young soil, ii) old soil, iii) A. rupestris in young soil 181 
and iv) A. rupestris in old soil were pooled and then ligated and transformed as 182 
described previously (Schmalenberger and Kertesz, 2007). Recombinant plasmids 183 
containing an insert of about 1.5 kb were re-amplified with primers asfAF2 and 184 
asfBtoA for RFLP analysis. RFLP was carried out with 184 clones in total (86 from 185 
young soil, 47 from old soil, 23 from A. rupestris in young soil, 28 from A. rupestris 186 
in old soil), as described elsewhere (Schmalenberger and Kertesz, 2007) . Genotypes 187 
of asfAB that were represented by two or more clones were sequenced, and the asfA 188 
sequence fragments were imported into an asfA database generated previously 189 
(Schmalenberger and Kertesz, 2007). Phylogenetic trees for the encoded peptide 190 
sequences (AsfA) were calculated with the Maximum Likelihood (Dayhoff model) 191 
and Distance Matrix (Dayhoff model) methods using the software package ARB 192 
(Ludwig et al., 2004) as described earlier (Schmalenberger and Kertesz, 2007), and a 193 
consensus tree was generated. Bootstrapping was performed with the Maximum 194 
Likelihood (Dayhoff model) and the Maximum Parsimony (Phylip) method. 195 
 196 
2.5 Quantitative PCR 197 
Primers for the quantitative PCR approach were designed using the asfA database in 198 
ARB (Schmalenberger and Kertesz 2007) and the ARB probe design tool (AciQF 5’-199 
AGGTGCAGCGCTGGATGA-3’ and AciQR 5’-GCTGCAGCGGGAACACCT-3’). 200 
Selected above primers targeted asfA sequences affiliated to the Acidovorax cluster 201 
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but not the isolate Acidovorax sp. WB62. The 16S/18S ARB database from 2004 202 
(Ludwig et al., 2004) was used to test the primer specifity in silico. The quantification 203 
of 16S rRNA and asfA genes was conducted employing the MPN-PCR approach 204 
published by Nesme et al. (Nesme et al., 1995) in triplicate and dilution steps of 1:3 205 
(starting with a 1:10 dilution = 0.1 µl template per PCR reaction and then 0.033 µl, 206 
0.011 µl, down to 0.000046 µl). The quantification of the 16S rRNA genes was 207 
carried out with primer pair 341F and 518R (Muyzer et al., 1993). Copies of 208 
Acidovorax like asfA were quantified using the above mentioned AciQF and AciQR 209 
primers. A touch down PCR protocol was applied with an initial denaturation (94 °C, 210 
3 min), 20 cycles of 94 °C (1 min), 65 °C (1 min, -0.5 °C per cycle) and 72 °C (1 min) 211 
and 22 consecutive cycles of 94 °C (1 min), 55 °C (1 min) and 72 °C (1 min) followed 212 
by a final extension at 72 °C (10 min). Concentrations of Taq polymerase, primers, 213 
dNTPs, etc. for 16S rRNA gene (without DMSO) and the asfA gene (with DMSO) 214 
amplification were selected as described earlier (Schmalenberger and Kertesz, 2007). 215 
Copies of asfAB from Gram negative bacteria were quantified using the asfAF2 and 216 
asfBtoA primers and PCR procedures were applied as described in (Schmalenberger 217 
and Kertesz, 2007) but with two extra cycles and an extension time of 3 min. 218 
 219 
2.6 Analytical methods 220 
Measurement of sulfate in the rhizosphere samples was carried out by HPLC in 221 
triplicate. Frozen A. rupestris and L. alpina roots were shaken in saline for 30 min. 222 
using an intelli mixer (Progen Scientific, London, UK) as described earlier 223 
(Schmalenberger and Kertesz, 2007). Obtained suspensions without the plant roots 224 
were centrifuged at 14000 rpm for 15 min. The supernatant was subjected to HPLC 225 
analysis to measure the sulfate concentration using a Dionex DX-120 Ion 226 
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Chromatograph (Dionex, Sunnyvale, CA) with an AS14 column for anion separation 227 
(eluent 8 mM Na2CO3 /1 mM NaHCO3) and an electro-conductivity detector (DX-120 228 
CDM-3) at a flow rate of 1.2 ml/min. Statistical analysis was carried out with a two 229 
sided t-test and standard deviations were calculated (Microsoft Excel 2003, Redmond, 230 
WA). 231 
 232 
2.7 Nucleotide sequence accession numbers 233 
Fragments of asfA from molecular isolates of the Damma glacier forefield soils have 234 
the accession numbers FN395207 to FN395226. Fragments of asfA from molecular 235 
isolates of the A. rupestris rhizospheres harvested from the Damma glacier forefield 236 




3. Results 240 
3.1 Effect of soil age on desulfonating bacteria and 16S rRNA gene-based 241 
bacterial communities 242 
The impact of soil age, soil development and concentrations of inorganic sulfate was 243 
analyzed in the Damma glacier forefield environment to study its effect on the 244 
diversity and structure of soil bacteria and desulfonating soil bacteria communities. 245 
Diversity analysis of the bacterial 16S rRNA gene employing a T-RFLP 246 
fingerprinting approach revealed that young soils, ice free since 1992-1999 and old 247 
soils, ice free since 1956-1959 were significantly separated (F-ratio = 1.501, P = 248 
0.045; Fig.1). Likewise, T-RFLP fingerprint analysis of the desulfonating key gene 249 
asfA separated the young soil from the old soil significantly (F-ratio = 1.176, P = 250 
0.048; Fig.2). Further subdivisions within the old and young soils (ice free since 1999, 251 
1996, 1992 for young soil and 1959, 1956 for old soil) showed no significant 252 
differences on the asfA level, possibly due to the limited amount of analyzed samples 253 
(data not shown). Noll and Wellinger (Noll and Wellinger, 2008) were able to 254 
distinguish the young and old soil subdivisions on 16S rRNA gene-based fingerprints 255 
by incorporating more samples for each subdivision. Different levels of inorganic 256 
sulfate in young and old soil (Table 1), respectively, had no significant effect on the 257 
structure of asfA gene-based fingerprint patterns (F-ratio = 1.088, P = 0.325) as well 258 
as on the corresponding 16S rRNA gene-based fingerprint patterns (F-ratio = 0.894, P 259 
= 0.092.).  260 
 261 
3.2 Effect of plant host species on desulfonating rhizobacteria and 16S rRNA 262 
gene-based rhizobacterial community structures  263 
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The rhizosphere analysis was carried out with samples from the pioneering plant 264 
species Leucanthemopsis alpina and Agrostis rupestris harvested from young and old 265 
soil, respectively. Desulfonating communities of the A. rupestris rhizosphere and the 266 
old soil communities differed significantly (F-ratio = 1.305, P = 0.0117, and F-ratio = 267 
1.407, P = 0.0033 for A. rupestris from young and old soil respectively; Fig. 2) and 268 
clear (but not significant) separations were observed between the A. rupestris 269 
rhizosphere and the young soil (F-ratio = 1.128, P = 0.0615, and F-ratio = 1.162, P = 270 
0.0892 for A. rupestris from young and old soil respectively; Fig. 2). Furthermore, the 271 
desulfonating community in the A. rupestris rhizosphere in the old soil was 272 
significantly different when compared to the surrounding old soil itself (F-ratio = 273 
1.407, P = 0.0033) and a similar (but not significant) trend existed in the young soil 274 
(A. rupestris in young soil vs. young soil, F-ratio = 1.162, P = 0.0615; Fig. 2). In 275 
contrast, the desulfonating rhizobacteria communities in L. alpina harvested from old 276 
and young soil, respectively, were not significantly different (F-ratio = 0.913, P = 277 
0.772) and grouped closely to those from the old soil (e.g. were not significantly 278 
different. F-ratio = 1.120, P = 0.0813; Fig. 2). Ordination graphs of the 16S rRNA 279 
gene fingerprint patterns of A. rupestris and L. alpina rhizospheres visualized the 280 
significant differences to the ones from the soils (F-ratio = 2.952, P = 0.0001, Fig. 1). 281 
Despite the proximity in the ordination graphs (Fig. 1), significant differences 282 
between the two plant host communities were detected (F-ratio = 2.807, P = 0.0085). 283 
However, the soil age had no significant effect on the structure of the rhizobacterial 284 
community in both plant host species (L. alpina: F-ratio = 1.417, P = 0.097; A. 285 
rupestris: F-ratio = 1.219, P = 0.098; Fig. 1). Concentrations of inorganic sulfate in 286 
the rhizospheres of A. rupestris from old and young soil and L. alpina from old and 287 
young soil (8.3-14.6 µg sulfate-S g-1 root fresh weight, Table 1) were substantially 288 
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higher when compared to the results from the bulk soil analysis (below 3 µg sulfate-S 289 
g-1 soil, Table 1). Nevertheless, rhizospheres from the young soil had significantly 290 
lower sulfate concentrations compared to old soil rhizospheres (P < 0.016) and A. 291 
rupestris had significantly lower sulfate concentrations in its rhizospheres (from old 292 
and young soils respectively) when compared to L. alpina (P < 0.001). 293 
 294 
3.3 Diversity of asfAB clone libraries from soils and rhizospheres 295 
To characterize the forefield asfAB diversity four clone libraries were constructed 296 
from old and young soil samples and from rhizosphere samples of A. rupestris derived 297 
from old and young soil, respectively. In total, 184 clones were screened and 298 
genotypic differences were resolved via RFLP analysis. The soil clone libraries 299 
together contained 74 genotypes at a coverage rate (Singleton et al., 2001) of 60% (41 300 
genotypes in young soil, 39 in old soil) and overlapped by 29%. 27 genotypes were 301 
identified in the rhizosphere of A. rupestris (23 clones, 13 genotypes in the young soil 302 
rhizosphere; 28 clones, 15 genotypes in the old soil rhizosphere). Both rhizosphere 303 
libraries overlapped by only 14%, caused by a single genotype. The coverage in the 304 
rhizosphere libraries together was over 40%. The diversity of asfAB in the rhizosphere 305 
of A. rupestris was clearly lower compared to the parental soil (67 versus 123 306 
expected genotypes). 307 
 308 
3.4 Diversity of AsfA sequences from soils and rhizospheres 309 
Abundant asfAB genotypes were sequenced and resulting asfA sequence information 310 
was translated into protein sequences and integrated into a tree of AsfA (Fig.3). 311 
Sequences obtained from the young soil predominantly clustered into clades 312 
associated to Polaromonas type 1, Acidovorax and Cupriavidus. In contrast, 313 
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sequences obtained from old soil were mostly found in an unidentified clade and were 314 
associated to a clade containing Cupriavidus metallidurans. Sequences from the 315 
rhizosphere of A. rupestris in young soil were predominantly found in the 316 
Polaromonas type 1 clade and the Variovorax clade, while sequences from the 317 
rhizosphere of A. rupestris in old soil grouped with sequences of Acidovorax and an 318 
unidentified clade that also hosts sequences from the old soil. 319 
 320 
3.5 Quantification of 16S rRNA genes, asfAB and asfA from Acidovorax like 321 
sequences 322 
In order to confirm the abundance of Acidovorax like sequences found in the genotype 323 
analysis, a defined quantitative PCR was conducted. However, quantitative PCR 324 
applications failed due to the fact that primers specific to Acidovorax asfA produced 325 
PCR products with a GC content of above 70% and therefore addition of DMSO was 326 
mandatory. Unfortunately, DMSO and SybrGreen qPCR applications were 327 
incompatible and the addition of other additives such as betaine resulted in unspecific 328 
amplification patterns. For this reason, this study employed an MPN-PCR approach 329 
instead (Nesme et al. 1995). The MPN value of Acidovorax like asfA was 0.27 and 330 
2.86 (% Acidivorax asfA gene copies per copies of bacterial 16S rRNA genes) for A. 331 
rupestris rhizosphere samples of young and old soil, respectively, while the quantity 332 
of asfAB was 7.39 and 17.07, respectively (% Gram negative asfAB per copies of 333 
bacterial 16S rRNA genes, Table 2). Quantities of Acidovorax like asfA gene copies 334 
were significantly higher in the A. rupestris rhizosphere samples from the old soil 335 
compared to A. rupestris rhizosphere samples from the young soil (95% confidence 336 
limits were MPN 2.8-1 and MPN x 2.8; (Cochran, 1950)) but the MPN results from 337 
Gram negative bacteria asfAB were not significantly different.  338 
339 
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4. Discussion 340 
This study investigated the diversity of desulfonating bacteria from soils and 341 
rhizospheres of pioneering plants Agrostis rupestris and Leucanthemopsis alpina in 342 
the forefield of the Damma glacier. Communities of desulfonating bacteria were 343 
mainly shaped by soil age, plant host A. rupestris and to a lesser extend by plant host 344 
L. alpina. Types of AsfA affiliated to Polaromonas type 1 were found to be important 345 
in young soil and the corresponding A. rupestris rhizospheres. 346 
The 16S rRNA gene-based fingerprint analysis (T-RFLP) in this study confirmed that 347 
the bacterial communities from old and young soil of the Damma glacier forefield 348 
differed significantly (Edwards et al., 2006; Noll and Wellinger, 2008). However, 349 
here we also report significant differences between the rhizospheres of L. alpina and 350 
A. rupestris and the soil communities. Earlier investigations at the Damma glacier 351 
forefield were not able to find distinctive rhizosphere community structures at this site 352 
(Miniaci et al., 2007). This discrepancy can be explained by the methods of 353 
rhizosphere extractions applied. While earlier investigations selected soil from the 354 
vicinity of the plant root (Miniaci et al., 2007), this study chose to sample the soil 355 
closely attached to the roots and the root surface itself for DNA extraction, thus 356 
combining rhizosphere and rhizoplane analysis. Tscherko and colleagues (Tscherko et 357 
al., 2004) analyzed phospholipid fatty acid patterns and conducted enzymatic tests 358 
and revealed that the rhizosphere-soil community of the pioneer plant Poa alpina in 359 
recently deglaciated alpine soils was primarily determined by the harsh soil 360 
environment but the rhizosphere-soil communities in matured soil were shaped by the 361 
host plant. Since the rhizosphere is usually defined as the area around the root that is 362 
directly influenced by the plant where bacterial activity can be increased 100 fold 363 
compared to bulk soil activity (Curl and Truelove, 1986) this study also included the 364 
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rhizoplane into the analysis. Earlier studies used this approach successfully to show 365 
that the crops maize and sugar beet select different rhizobacterial communities from 366 
the same parental soil (Schmalenberger and Tebbe, 2002; Schmalenberger and Tebbe, 367 
2003). Indeed, this study showed not only a significant separation of the desulfonating 368 
A. rupestris rhizosphere community from its old parental soil but also a similar trend 369 
in the corresponding young soil (Fig. 2). 370 
The diversity analysis of the desulfonating key gene asfA in soils and rhizospheres of 371 
the Damma glacier forefield revealed a remarkable diversity that has exceeded the 372 
diversity found in agricultural habitats (Schmalenberger et al., 2008). The limited 373 
availability of sulfate could be responsible for the high diversity of desulfonating 374 
bacteria harboring asfA when one assumes that high diversity ensures functional 375 
stability and activity (Griffiths et al., 2004). Likewise, Duc et al. (Duc et al., 2009) 376 
identified 45 phylotypes of the nitrogen fixing key gene nifH in the forefield of the 377 
Damma glacier after screening 318 clones and suggested that the lack of inorganic 378 
nitrogen in the forefield is causing the high diversity of free living nitrogen fixing 379 
bacteria. Here, we report the presence of 74 asfAB genotypes after sequencing 133 380 
clones from both young and old soil. Our results suggest that the availability of sulfate 381 
is equally limiting for microbial and floral growth in this environment.  382 
While the desulfonating rhizobacterial community of L. alpina harvested from old and 383 
young soil shared similarities with the desulfonating community of 50 year old soil 384 
(Fig. 2), we found that the desulfonating rhizobacterial community of A. rupestris 385 
from young and old soil, respectively, was clearly different to any other community of 386 
the investigated forefield environments. As L. alpina was less specific in selecting 387 
rhizosphere desulfonating bacteria compared to A. rupestris, we speculate that A. 388 
rupestris relied more on desulfonating bacteria and therefore actively selected those 389 
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organisms in its rhizospheres. Indeed, inorganic sulfate concentrations in the here 390 
analyzed rhizospheres of A. rupestris were significantly lower compared to those of L. 391 
alpina. However, several other factors could influence the establishment of distinct 392 
desulfonating communities in the rhizospheres of A. rupestris and L. alpina. Both host 393 
plant species represent different clades of flowering plants. Agrostis plants are 394 
monocotyledons, while Leucanthemopsis species (former Chrysanthemum) belong to 395 
the dicotyledons (Heß et al., 1968; Heß et al., 1972). Unlike Leucanthemopsis, A. 396 
rupestris proliferates via short horizontal subsurface colons (Heß et al., 1968) creating 397 
a clonal population which could favor the spreading of an already established 398 
rhizosphere community. Miniaci et al. (Miniaci et al., 2007) reported that L. alpina is 399 
creating only little pressure on the soil bacterial community and Edwards et al. 400 
(Edwards et al., 2006) identified a reduced influence of L. alpina on rhizobacteria. 401 
Sequence analysis of AsfA from the glacier forefield environment revealed that many 402 
phylotypes were affiliated to bacteria, isolated in previous studies (Schmalenberger et 403 
al., 2008; Schmalenberger and Kertesz, 2007). A pattern seemed to emerge with AsfA 404 
related to Polaromonas sp. predominantly found in environments with low sulfate 405 
concentrations (Schmalenberger et al., 2008; Schmalenberger et al.). While previous 406 
studies found this genus with a desulfonating capability in sulfate deprived wheat and 407 
Agrostis stolonifera rhizospheres, here we report the presence of these sequences 408 
predominantly in the young soil and in the rhizospheres of A. rupestris harvested from 409 
the young soil, where low sulfate concentrations were present (Noll and Wellinger, 410 
2008). A yet unidentified group was dominating the old soil and the rhizospheres of 411 
A. rupestris harvested from the old soil. The results suggest that some of the 412 
desulfonating bacteria may fulfill different ecological functions and that these 413 
functions can be linked in part to certain phylogenetic groups such as the genus 414 
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Polaromonas. In contrast, sequences affiliated to Acidovorax were predominantly 415 
found in young soil but also in the rhizosphere of A. rupestris harvested form the old 416 
soil and the latter finding has been confirmed via MPN-PCR. AsfA affiliated to 417 
Acidovorax was identified earlier in rhizospheres of crops (Schmalenberger et al., 418 
2008; Schmalenberger and Kertesz, 2007) but never in higher quantities. Therefore, 419 
the specific role of desulfonating bacteria affiliated to Acidovorax is still unclear.  420 
The most recent deglaciated part of the chronosequence has extremely low 421 
concentrations of organic carbon (Bernasconi et al., 2008). Nevertheless, it was 422 
surprising to find a high diversity of desulfonating bacteria in this part of the forefield 423 
since these bacteria need a complex of interacting enzymes (Kertesz et al., 2007) for 424 
carbon-bonded sulfur desulfurization although they can also use sulfate directly. 425 
Indeed, not all DNA samples from young soil contained sufficient amounts of asfAB 426 
gene copies for amplification but the samples from the young soil that could be 427 
amplified contained over 41 defined genotypes of asfAB (clone library coverage was 428 
72%). The high diversity of desulfonating bacteria from the young soil could have 429 
originated from recent atmospheric depositions onto the forefield and from the glacier 430 
surface itself. Glacier surfaces are covered not only with atmospheric depositions but 431 
also with cryoconite holes that contain organic particles and entire bacterial 432 
populations (Wharton Jr et al., 1985). It is possible that these small scale ecosystems, 433 
perfectly adapted to the life in cold climates, serve as inoculums for the glacier 434 
forefields. Mindl et al. (Mindl et al., 2007) found high concentrations of 435 
Comamonadaceae in general and Polaromonas sp. in particular in superglacial runoffs 436 
of arctic glaciers. However, the bedrock of the Damma glacier is based on a 437 
metamorphic Aargranite, which also contains inorganic sulfur in the form of pyrite 438 
(Schaltegger and Krähenbühl, 1990; Tresch, 2007) and the Damma glacier runoff 439 
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contained elevated levels of sulfate (Noll and Wellinger, 2008). The runoff stream 440 
was actually cross sectioning some areas of matured soil. Slightly elevated sulfate 441 
concentrations (up to 3 µg sulfate-S g-1 soil) were found in cross sections where a 442 
higher water holding capacity of the soil existed (Noll and Wellinger, 2008). However 443 
this had no significant effect on the asfA and 16S rRNA gene-based diversity and 444 
composition. Gene expression studies of asfA in Variovorax strains and other 445 
desulfonating bacteria revealed that the lack of sulfate is inducing the desulfonation 446 
process and the presence of sulfate is repressing it (Schmalenberger and Kertesz, 447 
2007; Vermeij et al., 1999). Therefore, short-term exposure to sulfate is not 448 
necessarily a disadvantage for desulfonating bacteria since they can utilize sulfate as a 449 
sulfur source as well. The level of inorganic sulfate in soil can vary considerably over 450 
time and is therefore not a very good indicator for sulfate availability (Schnug and 451 
Haneklaus, 1998). Indeed, environmental variations of inorganic sulfate in the glacier 452 
forefield soil as well as the addition of sulfate to this soil in a laboratory experiment 453 
did not affect the 16S rRNA gene-based communities (Noll and Wellinger, 2008). 454 
At the outset of this study we anticipated a gradual colonization of desulfonating 455 
bacteria alongside the chronosequence in the Damma glacier forefield with an 456 
increase of asfA diversity where levels of inorganic sulfate were still low but 457 
significant amounts of organic material already present. Instead, we identified a high 458 
diversity of desulfonating bacteria even in the most recent areas of deglaciation 459 
suggesting that atmospheric depositions or particles of the melting glacier could have 460 
inoculated the forefield. Desulfonating communities in soils from most recent 461 
deglaciated areas of the Damma glacier forefield and rhizospheres of A. rupestris in 462 
the same location were dominated by Polaromonas sp., a genus that was also 463 
important in other low sulfate level environments (Schmalenberger et al., 2008; 464 
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Schmalenberger et al.). The results suggest that certain phylotypes of desulfonating 465 
bacteria fulfill specific functions in sulfur cycling such as Polaromonas in sulfate 466 
deprived environments. 467 
 468 
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Sulfate-S concentrations in the Damma glacier forefield 
 Sulfate-S (µg g-1)  
Sulfate concentrations in soil root or soil (FW) Standard 
and rhizosphere samples mean values deviation 
Young soil 0.221 0.051 
Old soil 0.912 1.822 
L. alpina from young soil 12.15A3 1.543 
L. alpina from old soil 14.57B3 2.163 
A. rupestris from young soil 8.29C3 0.973 
A. rupestris from old soil 11.09A3 3.113 
 636 
FW = Fresh weight 637 
1 n = 8; 2 n = 12; 3n = 3 638 




Number of asfA or asfAB desulfonating key gene copies per 16S rRNA gene 
copies [%] in A. rupestris rhizosphere samples by MPN-PCR 
Rhizosphere samples of  Acidovorax asfA Gram negative asfAB 
A. rupestris from young soil 0.27 (0.10-0.76)1 7.39 (2.64-20.69)1 
A. rupestris from old soil 2.86 (1.02-8.01)1 17.07 (6.10-47.80)1 
1 numbers in brackets indicate 95% confidence limits (Cochran, 1950) 
642 
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Figure Legends 643 
 644 
Fig. 1. Correspondence analysis of 16S rRNA gene-based T-RFLP fingerprint 645 
patterns amplified from soil of the Damma glacier forefield deglaciated 1992-1999 646 
(young soil) and 1956-1959 (old soil) and rhizospheres of Leucanthemopsis alpina 647 
and Agrostis rupestris from the corresponding young and old soils. Error bars 648 
represent standard error. The eigenvalues of the first and second axes in the two-649 
dimensional ordination diagram are as follows: 1 = 0.54, 2 = 0.41. 650 
 651 
Fig. 2. Correspondence analysis of asfA T-RFLP fingerprint patterns amplified from 652 
soil of the Damma glacier forefield deglaciated 1992-1999 (young soil) and 1956-653 
1959 (old soil) and rhizospheres of Leucanthemopsis alpina and Agrostis rupestris 654 
from the corresponding young and old soils. Error bars represent standard error. The 655 
eigenvalues of the first and second axes in the two-dimensional ordination diagram 656 
are as follows: 1 = 0.71, 2 = 0.68. 657 
  658 
Fig. 3. Consensus tree of partial N-terminally truncated protein sequences of the 659 
oxidoreductase AsfA and its orthologues, accomplished by combining trees calculated 660 
with the maximum likelihood (Dayhoff model) and distance matrix (Dayhoff model) 661 
method. Polytomic nodes connect branches where a relative order could not be 662 
determined. Environmental sequences retrieved from this study of young and old soil 663 
(D, bold, deglaciated 1992-1999 and 1956-1959) and Agrostis rupestris rhizosphere 664 
from the corresponding young and old soil (DA, bold and underlined) are indicated. 665 
The AsfA sequences from reference organisms (such as Variovorax paradoxus) and 666 
environmental sequences (sb = spring barley, W = wheat) were retrieved from earlier 667 
studies (Schmalenberger et al., 2008; Schmalenberger and Kertesz, 2007). Branches 668 
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indicated with full circles are supported by bootstrap values of > 80 % and open 669 
circles represent bootstrap values of  60 % - 80 %. Numbers next to the clades 670 
indicate the numbers of identified clones retrieved from the clone libraries. 671 
